In present work, a number of polyimides contained polysiloxane and crown-ether moiety in the main chain were synthesized. Solubility in organic solvents and film-forming ability were investigated. Prepared polymers are insoluble in low boiling solvents and highly soluble in m-cresol, NMP and DMSO. Strong films were prepared with NTDA monomer, with the exception of the PI of the composition BNTDA-BDSA. Thermal properties of films were studied in comparison with corresponding powders. All prepared films demonstrated a sufficiently high thermal stability and suitable for design of low-temperature fuel cells (up to 100 °C) and can be used for medium temperature fuel cells (140-200 °C). The mechanical properties of the prepared strong films were also examined.
INTRODUCTION
Fuel cells (FC) are devices that generate electricity through chemical reaction of fuel with oxygen and attracts increasing attention of alternative energy researches as they do not produce any harmful emissions to the environment [1] [2] [3] . The main difference between fuel cells and other chemical power sources is the ability to provide continuous fuel supply and current takeoff within potentially unlimited time. However, there is apparent degradation of all MEA components which leads to monotone voltage reduction and decreasing of efficiency in fuel cells [3] [4] [5] [6] .
Membranes are the most complicated and expensive part of a fuel cell, which also limits fuel cell capabilities. Under regular exposure to aggressive environment membranes gradually deteriorate during FC operation. Such deterioration is indicative for the proton-exchange membrane fuel cells (PEM FC) [7] [8] [9] .
Nowadays the most widespread membranes are perfluorinated polymers, which are considered as «classic» FC membranes. These membranes possess high mechanical strength, excellent chemical resistance and high proton conductivity (e.g. Nafion DuPont) 10 . However, there are several substantial drawbacks which hinder their large-scale commercial application, i.e. high cost, low operating temperatures, high fuel flows and significant environmental footprint 11 .
Alternative commercially available systems, which can be used at temperatures up to 200°C is phosphoric-acid-doped polybenzimidazole-based membranes (Celtec Division's PEMEAS membranes) [12] [13] [14] .
One of the major issues for researches are tracking and development of alternative PEMs focused on nonfluorinated or partially fluorinated polymers [15] [16] [17] [18] [19] [20] . These membranes must possess high proton conductivity (or comparable for fluorinated membranes) and also chemical and physical stability in FC operation environment at moderate temperatures (70-140 °C), while the optimization of these characteristics must be carried out in a comprehensive manner, since they are very closely related to each other 4-6, 15, 21 .
One of the promising materials for manufacturing FC membranes is aromatic polyimides (PI) [22] [23] . Polyimides are featured by high heat resistance, especially polyimides based on pyromellitic acid dianhydride and 1,4,5,8-naphthalenetetracarboxylic acid dianhydride and do not melts up to thermal decomposition 24 .
The performance of sulfonated naphthalic polyimides (SPI) (containing hexatomic imide rings in their chains) for the fuel cells are comparable to those of Nafion operating for up to 3000 hours. However, the characteristics of the membranes based on sulfonated phthalic polyimides (containing five-membered imide rings in their chains) significantly deteriorate even after 70 h operation 25 .
While the first generation of SPI electrolytes demonstrated electrical conductivity range from 2⋅10 -3 S/cm to 4⋅10 -2 S/cm, 26, 27 which were significantly lower than those of Nafion, the next generation of SPI electrolytes showed satisfactory conductivity values of up to 1.67 S/cm at 120 °C 28 and 1.201 S/cm at 80 °C respectively for SPI/ graphene composite material.
Solubility of the polyimides strongly depends on a chemical structure of the polymer. There are two key factors of soluble polyimide synthesis: decreasing the regularity (unit repeatability) of the backbone and minimizing the density of imide rings alongside the backbone. A large number of structural changes, including incorporation of thermally stable, flexible and nonsymmetrical units and bulky substituents 11 were explored in the past decades. Polyimides containing bulky triphenylamine units alongside a polymer's backbone chain are amorphous materials and demonstrated high solubility, exceptional filmforming ability as well as high thermal stability [29] [30] [31] .
Copolymerization is one of the most widely used and effective methods for producing of the new polymers with desired properties due to presence of several structures possessing with different chemical or physical properties within a single polymer chain. Improving the efficiency of FC operation requires developing block-structured polymer electrolytic membranes (block copolymers), where each repeating polymer block performs a particular function and provides materials with unique properties unpossessable by standard polymers.
One of widespread and suitable type of block for PI chain is polydimethylsiloxanes 32 . The characteristics of linear polydimethylsiloxanes fits with requirements for PEM FC. Polydimethylsiloxane (PDMS) is one of the most widespread polydimethylsiloxane, which possesses very high polymer chain flexibility among synthetic polymers. Another important advantage of polydimethylsiloxanes is thermal resistance and oxidation stability, which are similar to those of polyimides
We synthesized a number of polyimides accompanied by adding polysiloxane fragments and crown ethers to their backbone for low temperature polymer electrolytic (proton-exchange) membranes. The solubility in typical organic solvents and film-forming ability were investigated. Number of the prepared polymers form hard solution-based films. Thermal and mechanical properties of the prepared films were analyzed as well.
EXPERIMENTAL Materials
1,4,5,8-naphthalenetetracarboxylic acid dianhydride (NTDA, 98%, Sigma Aldrich), 4,4'-oxydianiline (ODA, 97%, Vekton), dimethyl sulphoxide (DMSO, 99%, Vekton), benzoic acid (BA, 97%, Vekton), acetone (98%) and ethanol (95%) were used without additional purification, while m-cresol was (97%) distilled in advance. Solvents for solubility investigation were purchased from the CJSC «Vekton». 1,3-bis(3-aminopropyl) tetramethyldisiloxane (PDMS) was synthesized by procedure described in the ref. 33 . 4,4'-Binaphthyl-1,1',8,8'-tetracarboxylic (BNTDA) dianhydride was synthesized by procedure described in reference 34 with modifications. Diaminodibenzo-18-crown-6 (DADB-18-C-6) was prepared using by method described in reference. 35, 36 with modification. Triethylammonium salt of 4,4´-oxydianiline-2,2´-disulphonic acid (BDSA) was synthesized by the method described in ref. 37 . 4-[4-(4-Aminophenoxy) phenoxy]phenylamine (P-APPA) was synthesized by method described in ref 38, 39 . The preparation method of bis(ammoniophenyl) phosphinic acid (4-APPA) dichloride was described in ref. 40 . 3,3',4,4'-Benzophenone tetracarboxylic (BPDA) dianhydride was produced by the method described in ref. 41 (see also Table. 1).
Polyimide synthesis
A single-stage method with m-cresol as solvent was used for preparation of polyimides 42 . Appropriate amount of diamines were placed into 100-ml three-neck round-bottomed flask equipped with magnetic stirrer, argon inlet, reflux condenser and argon outlet (Table. 2). (When bis-ammoniophenyl) phosphinic acid dichloride was used, 2.4-fold excess of triethylamine (TEA) and m-cresol were added to turn it into diamine). The substances were mixed for complete diamines dissolution followed by addition of dianhydride (Table. 2) and benzoic acid (0.5 g, 0.004 mol). The substances were stirred for 10 -15 min. at room temperature, heated with the oil bath up to 80 °C and stirred for 4 h, then heated and stirred for 20 h at 180 °C.
Upon completion of the stirring at 180 °C the reaction mass was cooled down to 80-100 °C and poured into acetone without dilution. To ensure better separation of solvents and polyimides the substances were mixed and heated at 50 °C for 30 minutes. Precipitate was filtered-off, flushed with ethanol, transferred in beaker and stirred at 60 °C for 30 minutes. The PI precipitate was filtered-off and dried in vacuum at 100 °C until constant weight.
DA-18-C-6 (0.9 g, 0,0023 mol), BDSA (1.4g, 0.0025 mol) PDMS (0.07 g, 0.0003 mol) and of m-cresol (32 ml) were placed into 100-ml threeneck round-bottom flask equipped with magnetic stirrer, argon inlet, reflux condenser and argon outlet. The substances were stirred to complete diamines dissolution followed by addition of NTDA (1.34 g, 0.005 mol) and benzoic acid (0.5 g, 0.004 mol). The mixture was stirred for 10 -15 min. at room temperature, heated with oil bath at 80 °C and kept for 4 h heated at 180 °C and stirred for 20 hours.
Upon completion of the reaction the reaction mass was cooled down to 80-100 °C and poured into 300-ml acetone. To ensure better separation of solvent and polyimides the substances were stirred and heated at 50 °C for 30 min. Precipitate was filtered off, transferred into beaker, flushed with 300-ml ethyl alcohol and heated at 60 °C with stirring for 30 minutes. The PI precipitate was filtered off and dried in vacuum at 100 °C until constant mass.
Investigation of the solubility of PI produced
A set of dissolution tests using common organic solvents was carried out to investigate the solubility of PI powders (Table. 3). PI powder (0.005 g) and 1 ml of the solvent were mixed in the serum vial. Resulted solutions were heated up to the boiling and visually exanimated for the solubility.
Polyimide film production
After suitable solvent selection, polyimide solutions with different concentrations were prepared (Table. 3). The solutions kept for 1 h under stirring in the oil bath at 140-150 °C. Once cooled down, the solutions were poured onto 90x120-mm standard glass plates for coating tests, preliminary defatted with acetone.
Polymer description
NMR spectra were recorded with FourierTransform Spectrometer Bruker Avance III Nanobay 300 MHz, Bruker Biospin;
The degree of imidization was determined with Fourier-transform infrared spectra of the powdered polyimides to estimate reaction yield. Absorption spectra were recorded with Fouriertransform infrared spectrometer. Bruker VERTEX 70 with extended infrared range of 8000 to 50 cm -1 and Fourier-transform Raman module RAMII Bruker Optics.
Thermal analysis was carried out by differential scanning calorimetry (DSC) method according to Russian state standard R 55134-2012 with thermal analyzer SDT Q600 for simultaneous DSC/TGA/DTA analysis TA Instruments
RESULTS AND DISCUSSION

Polyimide synthesis
General synthesis scheme of polymer is shown in Fig. 1 . Aromatic fragments of used dianhydrides assigned as Q, while fragments of used diamines and inclusion compounds assigned as X, Y and Z respectively. The structures of utilized monomeric compounds are demonstrated in Table. 1. The composition of the prepared polyimides is demonstrated in Table. 2.
The amount of m-cresol for polyimide synthesis have to be selected with respect to solubility of aimed polyimides and initial monomers. 
Solubility
Various typical organic solvents, such as acetone, ethyl alcohol, toluene, chlorobenzene, chloroform, dichloromethane, acetonitrile, tetrahydrofuran, dioxane, N,N-dimethylformamide (DMFA), dimethylsulphoxide (DMSO), N-methylpyrrolidone (N-MP), N,N-dimethylacetamide (DMAC) were used for solubility investigation. Completely soluble PI is polymer forms a homogeneous solution without any precipitate or suspended matter after dissolution; partially soluble is polymer forms a colored solution with some precipitate or suspended matter; and insoluble is polymer remains unaffected by solvent.
It was found that all of synthesized polyimides are soluble in DMSO, NMP, m-cresol, poorly soluble or completely insoluble in DMF and DMA, and completely insoluble in other tested solvents.
Film-forming ability
DMSO was selected as the most suitable solvent as all PIs are soluble in it. Moreover, boiling point of DMSO is lower than that of N-MP and it is not toxic by comparison with m-cresol. Film-forming ability data are summarized in Table. 2.
As Table. 2 shows, hard films were obtained starting powdered from PI 2,3,4,10,11 and 24. The data summarized in the table allows to conclude that virtually all films containing BNTDA turned out to be fragile, except for the compound 24, despite their high solubility in DMSO. Any DA 18-C-6 containing polymers also resulted in fragile films. In general, there is a relationship: highly soluble compounds form fragile films. Decreasing of BDSA content in the polyimide composition (see 1, 9, 13, and 20) also leads to fragile films. PDMS, ODA and other diamines in the polyimide composition ambivalently affect to both solubility and film-forming ability.
Thermal and mechanical properties
Thermal and mechanical properties of the prepared films were investigated. (Table. 3). For the comparative purpose, the T d5 and T d10 values of the powders the films were measured.
From the TGA curves of all powders and films we can conclude that in the first stage of thermal destruction of membranes, water and/or residual solvents are removed. The next stage of the thermal destruction is the removal of triethylammonium ions, followed by the elimination of the sulfonic acid groups. At temperatures above 370 °C, the main chain of the polymer begins to break down. Table. 3 demonstrate that all the prepared films possess a sufficiently high thermal stability and could be suitable for low-temperature fuel cells (up to 100 °C) construction. Moreover, majority of prepared films could be used in medium temperature fuel cells (140-200 °C). Additionally, Table. 3 demonstrate the low mechanical properties of films. We will continue development of the technology to prepare strong films, as well as the research to achieve the optimal structure of the polyimide chain for FC membranes producing.
CONCLUSION
26 different polyimide compounds were prepared by single-stage condensation in a highboiling solvent (m-cresol). The structure of polyimides was characterized and confirmed with NMR-and IR-spectroscopy. Solubility, film-forming ability as well as thermal and mechanical properties were investigated. NDTA-based films demonstrate high thermal stability but low mechanical properties and could be used for low and medium temperature fuel cells construction. 
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